The Murotomisaki Gabbroic Complex is a sill like layered intrusion of up to 220 m in thickness and is located at Cape Muroto, Kochi Prefecture, Japan. There are several olivine rich zones within the intrusion, which may have been formed through accumulation of olivine crystals. However, up to now it has not been clear as to whether all of the olivine rich zones formed in this way. To clarify this, we reinvestigated the layered structure by collecting a consistent data set of modal composition, crystal size, and crystal number density of olivine from throughout the intrusion. It was found out that nearly all of the olivine crystals, in terms of crystal numbers, occur in the basal olivine rich zone (within 40 m of the base of the intrusion), and the average value of the crystal number density of olivine throughout the entire intrusion coincides with the crystal number density of olivine in the outermost parts of the lower and upper chilled margins. Hence, we conclude that most primary olivine phenocrysts within the magma settled under the influence of gravity and accumulated to form the basal olivine rich zone. The crystal number density of olivine within the mid level zones (40 100 m from the base of the intrusion) is much less than the initial values, as indicated by values recorded in the chilled margins. It is proved that the increase of the olivine mode within this zone is attributed not to the crystal accumulation of olivine but to the increase of the crystal size of olivine, i.e., the crystal growth. In this way, considering the mode, crystal size, and crystal number density of olivine throughout the intrusion, the olivine rich zones within the intrusion can be classified, in terms of their origin, as either crystal accumulation zone (AC zone) or crystal growth zone (GR zone). The growth of olivine crystals in the GR zone was apparently accompanied by an increase in MgO, FeO, and MnO concentrations to levels well above initial (i.e., the chilled marginal) values. This enrichment suggests that crystal growth occurred within a chemically open system in the sense that the increase in MgO content within the GR zone arose from material transfer between the boundary layer (the GR zone) and the overlying magma.
INTRODUCTION
Crystallization of magma is a complex physico chemical process that can involve crystallization, crystal melt segregation due to density contrasts between crystals and the melt, and magmatic convection (both thermal and compositional) in a dynamically cooling and chemically evolving multicomponent system. Traditionally, there are three approaches to understanding such complex processes: (1) observation of natural igneous bodies of various sizes from various geological environments; (2) theoretical and numerical modeling (e.g., Marsh and Maxey, 1985; Martin and Nokes, 1988; Weinstein et al., 1988; Nielsen and Delong, 1992; Ariskin et al., 1993; Ghiorso and Sack, 1995; Kuritani, 1999 Kuritani, , 2004 ; and (3) physical experiments using analogue materials with the aid of the similarity law (e.g., Brandeis and Jaupart, 1986; Huppert and Sparks, 1988; Jaupart and Tait, 1995; Koyaguchi, 2000, 2004) . Results from the last two approaches must eventually be verified from observations of natural igne-ous bodies, i.e., approach (1), because any model involves certain assumptions that must be confirmed with reference to nature. A natural magmatic system is so complex that it is difficult to know a priori which of the many possible elementary processes play critical roles in the system. It is plausible that the dominant mechanism varies case by case depending on the spatial and temporal scales of the magmatic system. For this reason, comparative studies of igneous intrusives of various kinds are valuable. A small scale magma, for example, may consolidate almost instantaneously upon intrusion at shallow levels without significant magmatic differentiation. Larger magma bodies may cool more slowly such that precipitated crystals may settle (or float) under the influence of density contrasts, leading to magmatic differentiation of various extents. In sufficiently large bodies, magma cools so slowly that crystallization is largely complete, resulting in plutonic textures. Large scale mechanical fluid motion of magma, such as convection, may also dominate the entire system and further complicate the processes.
In any case, crystal growth and crystal settling (or floating) are considered to be two of the most fundamental processes of magmatic differentiation. Since the classic works of Bowen (1928) and Wager and Brown (1968) , numerous studies have demonstrated the importance of cumulus and post cumulus processes; however, post cumulus recrystallization commonly obliterates primary cumulus textures, which complicates the accurate treatment of magmatic processes within plutonic rocks. In contrast to sizable igneous intrusions such as the Skaergaard Intrusion, the study of relatively small scale intrusions such as sills has the advantage of minimal effects of post cumulus recrystallization on primary cumulus structure. Many studies have focused on sills for this very reason, and many have successfully evaluated the effects of crystal settling (e.g., Gray and Crain, 1969; Fujii, 1974a Fujii, , 1974b . Comparative studies of igneous differentiation in bodies of varying sizes would provide useful information for understanding the differentiation mechanisms of magmas; accurate analyses of individual cases are a necessary component of such an approach.
The Murotomisaki Gabbroic Complex is a relatively thick gabbroic sill (up to 220 m in thickness) with pronounced compositional and mineralogical layering resulting from magmatic differentiation. The complex has been extensively studied, and the differentiation scheme has been well illustrated by Yajima (1972a Yajima ( , 1972b ). Yajima's scheme was substantiated by Akatsuka et al. (1999) , who took a more quantitative approach to investigating differentiation processes, including the crystal settling of olivine through the magma and using mineral and whole rock chemical compositional data as well as mineral modal analyses. Akatsuka et al. (1999) successfully estimated the extent of olivine concentration from crystal settling in the olivine rich zone within the lower part of the body (which they termed picrite gabbro). The authors also demonstrated from reasonable physical parameters of the crystals and magma that crystal settling was certainly possible before the magma was frozen by thermal conduction. There are other features left unexplained, however, including the presence of several other zones of olivine enrichment above the basal zone. A thin zone of olivine rich gabbro also developed immediately beneath the upper chilled margin, and this cannot be explained by any simple crystal settling hypothesis. An increase in modal olivine can arise from either crystal settling or crystal growth. Key criteria for discriminating between these two processes are differences in textural data, particularly, differences in crystal size and crystal number density; these factors have received little attention in previous studies.
In the present study we focus on the measurement of textures, including grain size and crystal number density. By integrating these new data with existing mineral and whole rock compositional data, we reinvestigate the formative processes of layering within the Murotomisaki Gabbroic Complex. In particular, we introduce the concept that crystal number density can play a key role in successfully interpreting olivine enrichment as either crystal accumulation or crystal growth.
MUROTOMISAKI GABBRO

Geologic setting
The geologic setting and lithological characteristics of the Murotomisaki Gabbroic Complex have been well documented in previous studies (Yoshizawa, 1953 (Yoshizawa, , 1954 Yajima, 1972a Yajima, , 1972b Akatsuka et al., 1999) , and here we summarize only the most important features with some supplementary data. The Murotomisaki Gabbroic Complex is a sill like igneous body (up to 220 m thick) that was emplaced nearly concordantly within alternating sandstone and shale of the Late Oligocene to Early Miocene Tsuro Formation of the Nabae Group, Shimanto Supergroup (Taira et al., 1980) (Fig. 1) . The entire complex of the intrusion and surrounding sedimentary strata dip at 70˚ toward the northwest, although emplacement and crystallization differentiation is believed to have occurred when the complex and host rocks were oriented horizontally (Yajima, 1972a; Sakai, 1981; Kodama et al., 1983; Kodama and Koyano, 2003) .
The intrusion has resulted in extensive contact metamorphism of the surrounding sediments to light colored hornfelsic lithologies. The width of the aureole is up to 90 m above the intrusion (i.e., the northwest side) and 60 m below (the southeast side) (Yoshizawa, 1953) . The immediate contacts were partially melted, producing granitic melts. The contact is macroscopically sharp and straight but is locally geometrically complex because of mechanical mixing between the basaltic (or doleritic) intrusion and the granitic walls, such as injection of quartzo feldspathic dikes or veins in the intrusion and the entrainment of doleritic fragments from the main body (i.e., the chilled margin) into the granitic wall. The age of emplacement has been determined by Rb Sr biotite whole rock isochron dating of quartzo feldspathic veins to be approximately 14 Ma (Hamamoto and Sakai, 1987) .
General description of lithological variation
The intrusion is gabbroic in composition overall, but is well differentiated from picritic to anorthositic lithologies, in which grain size varies greatly from the chilled marginal facies to very coarse grained pegmatitic facies. The body has distinct chilled margins at both upper and lower contacts. The lower chilled margin is approximately 3 m thick and the upper margin is approximately 2 m thick. The lower chilled margin grades upward into picritic gabbro and subsequently fine to medium grained olivine gabbro of approximately 80 m thickness (Fig. 2) . Note that we renamed the "picrite gabbro" of Yajima (1972a) and Akatsuka et al. (1999) as "picritic gabbro", because picrite is a name for volcanic rocks rather than plutonic rocks. The lower olivine gabbro zone contains numerous anorthositic veins and wavy pegmatitic veins (Yajima, 1972a) that are aligned semi parallel to the macroscopic compositional layering of the host rocks (Fig. 3) . Wavy pegmatitic veins consist of anorthositic upper part and mafic lower part. The zone from 100 to 180 m above the lower contact consists of very coarse grained "coarse gabbros" that characteristically lack olivine. Above this is a second zone of medium to fine grained olivine gabbro, followed by picritic gabbro, and finally the upper chilled marginal zone. The layered sequence is, therefore, roughly symmetrical, although the zones in the lower sequence are thicker than the upper equivalents; consequently, the central coarse gabbro zone is much closer to the upper margin of the intrusion (Fig. 2) .
In terms of modal composition, olivine is most abundant in the lower picritic gabbro (up to 43 vol%), and there are several other local maxima in the overlying lower olivine gabbro zone (60 75 m, and 85 95 m) and in the upper picritic gabbro zone (209 210 m) (Fig. 2) . The coarse gabbro consists of very coarse grained plagioclase and augite without any trace of olivine. The lower picritic gabbro was the focus of the study by Akatsuka et al. (1999) .
PETROGRAPHY
Chilled margins
The rocks are variable in texture even within the chilled marginal zones. The outermost part (within 3 cm of the contact) is the most fine grained and contains microphenocrysts of olivine (up to 8 vol%) of 0.1 0.4 mm size and lesser plagioclase (~ 1 3 vol%) of 0.2 1.5 mm size. The matrix is turbid and translucent and contains numerous tiny laths of randomly oriented plagioclase crystals (Fig.  4A ). Glass has not been identified within this zone, but very fine grained dusty areas may represent devitrified glasses. The olivine microphenocrysts are euhedral and partly skeletal. Plagioclase microphenocrysts form plate like euhedral crystals and locally form glomeroporphyritic clusters. Right on the boundary with country rocks, the chilled margin has a locally complex structure that consists of several domains of fragments of different textures, grain size, crystallinity, and modal abundance of olivine. These domains probably resulted from mechanical interaction between the cooling magma and country rocks.
Further inward from the lower and upper contacts, the rocks gradually become coarser grained and the tex- Modified from Yajima (1972a) and Akatsuka et al. (1999). ture is more ophitic (Fig. 4B) . The size and abundance of plagioclase crystals increases (0.5 2 mm in length) and clinopyroxene fills the interstices of olivine and plagioclase crystals. Olivine crystals remain a similar size to those in the outermost chilled margins and retain their euhedral and partly skeletal habit. Amphibole is generally more abundant in the upper chilled margin than in the lower chilled margin. Within the upper chilled margin and the upper olivine gabbro zone, amphibole locally forms spherical clusters (0.2 1 mm in size) together with calcite and chlorite. Macroscopically, these amphibole clusters are deep green and resemble amygdules on weathered rock surfaces.
At approximately 10 20 cm from the upper contact, the rock contains other types of amygdule like aggregates of 0.5 1 mm in diameter that are composed of chlorite and quartz, as well as aggregate clots (0.5 2.5 mm in size) of sulfide (pyrite and pyrrhotite) enclosing plagioclase.
The olivine composition is Fo 81 83 in the lower chilled margin, being the most magnesian throughout the gabbroic intrusion. The Fo content is constant in the core and sharply drops by 6 12 in mol% in the rim. The plagioclase composition is about An 72 in the core and less calcic in the rim. The olivine composition is more variable in the upper chilled margin. Although there is a grain to grain variation between Fo 74 and Fo 81 , each crystal is nearly constant in composition and shows only a slight decrease in Fo content, by up to 5 mol%, in the rim (Murakami, 1997) .
Picritic gabbro
The picritic gabbro is composed of olivine, augite, and For samples collected close to the upper contact, the distance from the upper contact is provided in parentheses. Abbreviations for lithological zones and minerals are the same as those in Figure 2 .
* The modal amount of olivine also includes alteration minerals (e.g., chlorite) after olivine. ** Other phases include biotite, chlorite, amphibole, and secondary phases other than chlorite after olivine.
plagioclase, with minor hypersthene, hornblende, biotite, ilmenite, and sulfides, and occurs within the lower and upper zones (Fig. 2 ). There are textural differences between the two zones. Picritic gabbro from the lower zone is poikilitic, with numerous euhedral to subhedral crystals of olivine (0.1 0.3 mm in diameter) enclosed within large crystals of augite and plagioclase (Fig. 4C ). In contrast, the upper zone is poikilophitic, with euhedral crystals of plagioclase and olivine enclosed within large augite crystals ( Fig. 4H ).
Plagioclase is euhedral to subhedral within the picritic gabbro, with an average crystal length of 2 mm. Plagioclase composition is An 72 73 in the lower zone and An 74 in the upper zone, and plagioclase typically have crystal cores of constant composition and less calcic rims. Olivine composition is Fo 73 76 in the lower zone and Fo 64 67 in the upper zone. Individual olivine crystals are rather homogeneous in composition.
Olivine gabbro
The olivine gabbro consists of olivine, plagioclase, and augite, with minor hypersthene, hornblende, biotite, ilmenite, and sulfides. It occurs adjacent to the picritic gabbro zones and together they form the lower and upper zones (Fig. 2) . The lower olivine gabbro zone is approximately 90 m thick, whereas the upper olivine gabbro zone approximately 30 m thick. The lower olivine gabbro zone contains numerous horizontal anorthositic veins ( Fig. 3 ) and wavy pegmatitic veins (Yajima, 1972a) . Lower olivine gabbro zone. The lower part (approximately 20 40 m from the base of the intrusion) of this zone includes the "fine grained olivine gabbro" of Akatsuka et al. (1999) . This rock type is poikilophitic, with numerous euhedral olivine and plagioclase crystals enclosed within augite (Fig. 4D) Fig. 4G ) of the zone, which correspond to the "medium grained olivine gabbro" and "medium grained picrite gabbro" of Akatsuka et al. (1999) , respectively, the modal composition is more variable (olivine 12 40%, augite 5 30%, and plagioclase 52 65%). The texture is also more variable, ranging from poikilophitic to olivine plagioclase adcumulus texture, and plagioclase and olivine occur mainly as cumulus phases (Wager et al., 1960; Irvine, 1982) and augite occurs as an interstitial phase (Figs. 4E G) . The upper part (approximately 75 100 m) has a universally higher plagioclase/olivine modal ratio and higher FeO * / MgO ratio in whole rock samples than in the middle part (approximately 40 75 m), in which euhedral to subhedral plagioclase crystals show a shape preferred orientation approximately parallel to compositional layering. In the top of the upper part (at approximately 90 100 m), olivine is typically anhedral and partially fills the interstices of euhedral to subhedral plagioclase crystals.
Plagioclase composition is An 66 71 in the lower olivine gabbro zone, and is typically zoned, with less calcic rims. Oscillatory zoning is commonly evident in plagioclase crystals within this zone. The An content is constant in plagioclase cores, but increases abruptly at the core rim boundary before gradually decreasing toward the crystal margin. Olivine is largely uniform in composition within individual crystals, and has a composition of Fo 64 69 . Anorthositic veins and wavy pegmatitic veins within the lower olivine gabbro zone. The lower olivine gabbro zone contains abundant anorthositic veins and wavy pegmatitic veins (up to 1 m thick) that consist of coupled anorthositic (upper) and augite and olivine (lower) precipitates (Yajima, 1972a) . Anorthositic veins characteristically occur only in the olivine rich zone of the lower olivine gabbro zone, at approximately 60 80 m from the base of the intrusion (Fig. 3A) . In outcrop, the proportion of anorthositic veins to host rock is generally less than 10 vol%. The upper surfaces of the anorthositic veins typically show wavy or plume like structures, whereas the lower surfaces are flat (Fig. 3B) . Plagioclase crystals are aligned along the wavy and plume like structures within the veins. Under the microscope, these veins show ophitic texture, with numerous euhedral plagioclase enclosed within large augite crystals. Olivine does not occur in the anorthositic veins. Upper olivine gabbro zone. In contrast to the lower olivine gabbro zone, the olivine gabbro from the upper olivine gabbro zone shows neither poikilitic nor poikilophitic texture. Anhedral olivine and augite crystals tend to fill the interstices of the framework of euhedral to subhedral plagioclase crystals. Plagioclase composition is An 64 66 in this zone; crystals are commonly zoned, with less calcic rims. Olivine composition is Fo 56 67 in this zone, with individual crystals having approximately uniform composition.
Coarse gabbro *
Coarse gabbro within the central part of the intrusion is very coarse grained (crystals up to 3 cm in length) and composed mainly of plagioclase and augite, with minor hornblende, biotite, apatite, and magnetite; olivine is not observed. The coarse gabbro can be texturally divided into two sub types, I and II (Akatsuka et al., 1999) . Type I is ophitic, and augite crystals fill the interstices of the crystalline framework of large euhedral to subhedral plagioclase crystals (approximately 1 2 cm long). Type II contains anhedral plagioclase crystals (approximately 1 2 cm long) that fill the interstices of euhedral to subhedral augite crystals (approximately 0.5 3 cm in length). Augite crystals in Type II are typically twinned. Samples of Type II were only found in boulders of float from an area dominated by Type I gabbro at approximately 110 120 m from the base of the intrusion (directly above the lower olivine gabbro zone). The original position of Type II rocks is not clear because of a lack of outcrop.
Plagioclase from Type I gabbro is An 63 64 and unzoned, whereas plagioclase in Type II gabbro is less calcic, being approximately An 54 .
MODE, CRYSTAL SIZE, AND CRYSTAL NUMBER DENSITY OF OLIVINE
We measured the mode, crystal size, and number density of olivine from a series of samples. The modal composition had already been determined for major rock types by Akatsuka et al. (1999) , but we measured the same samples again and additional samples to obtain a consistent and more complete data set. Data were obtained exclusively from samples collected from the western coastal section because of better exposure in this area (Fig. 1) ; the only exceptions were two samples from the upper chilled margin taken from the eastern coast near Mikurodo (Fig.  1 ). Measurements were made from thin sections, and two dimensional (2D) data were converted to three dimensional (3D) data as described below.
Mode and crystal size measurements
In addition to point counting, we used computer aided image analysis ("Image J" software; http://rsb.info.nih. gov/ij/) to improve the accuracy of modal and crystal size measurements.
Olivine crystals from the Murotomisaki Gabbroic Complex are partly altered to chlorite and some have been replaced by carbonate pseudomorphs to varying degrees. Accordingly, the altered parts of olivine crystals were counted as olivine in the modal analysis. The modal data are presented in Table 2 . Vertical variation in the modal abundance of olivine across the intrusion is shown in Figure 5 . Our measurements are generally consistent with those of Akatsuka et al. (1999) . We confirmed that olivine increases in abundance upward even within the lower chilled marginal zone, with some local fluctuations (Fig.  5) . Local maxima of olivine abundance were also confirmed in the lower olivine gabbro zone (O2 and O3 in Fig. 5 ) and the upper picritic gabbro zone (O4).
Crystal size measurements from 2D sections
The sizes of olivine crystals were measured from thin sections under the microscope. All crystals were measured within a limited area of each thin section. Crystal size is defined as the diameter of hypothetical circles of the same area as the crystals (i.e., the Heywood diameter). The results are displayed for representative samples in a type of histogram in Figure 6 . Within 15 m of the lower contact, all samples show a maximum frequency at approximately the same size, 0.15 0.20 mm, and distribution patterns are all skewed to smaller crystal sizes. Olivine crystals are slightly larger on average in the sample collected 36 m from the base of the intrusion (olivine gabbro), but the distribution pattern remains the same. Olivine crystals are significantly larger above the 49 m mark. Distribution patterns for the upper picritic gabbro and the upper chilled marginal zones (at 209, 210, 211, and 212 m) are again similar to those of the lower chilled margin; however, these sizes are the measured sizes in 2D thin sections, and are not the true crystal sizes. To undertake a more rigorous treatment, the data need to be converted to 3D crystal size distribution (3D CSD) data.
Conversion of 2D thin-section data to 3D-CSD data
A 2D section through a volume of rock that contains crystals of various sizes reveals apparent grain sizes that are generally smaller than the true sizes unless the section passes through the center of a particle. A further limitation of 2D sectioning is that smaller grains are less likely to be sampled than are larger grains. The process of obtaining 3D information from 2D data is called stereology; this has been studied in many fields via probability theory (e.g., Saltikov, 1967; Sahagian and Proussevitch, 1998; Higgins, 2000) . The method assumes a probability function for the apparent size of randomly distributed spheres of a certain size observed in a 2D section. We assume a model space where spheres of a certain size distribution are distributed randomly, and consider that the measured size distribution represents that of a randomly oriented 2D cross section. The maximum observed size is assumed to represent the true maximum size of spheres in the population, and a theoretical size distribution function is calculated for this particular size and subtracted from the measured size distribution. The same method is applied for the residual next largest size and so on until the smallest residual size class is reached. A shortcoming of this method is the accumulation of errors in the smaller size classes (e.g., Higgins, 2000) ; accordingly, the results must be treated with caution.
In the actual calculation, we followed the procedure and calculation scheme of Higgins (2000) , using the software "CSD Corrections 1.37" prepared by the same author. Input data were the cross section grain size of olivine and the measurement area. Spherical shape was assumed for olivine crystals. The output is a 3D CSD and the crystal number density, which is the integration of crystal number density with respect to size for the entire range of crystal sizes. The average grain size was obtained by dividing the mode (vol%) by the total number of crystals. The 3D CSD patterns for those samples displayed in Figure 6 are shown in Figure 7 . Note that the crystal number density has a dimension of mm − 4 (i.e., the number density is that in the four dimensional phase space of x, y, z, and crystal size), and in the figure it is plotted using a logarithmic scale. Calculated crystal number densities for all sizes and average grain sizes are listed in Table 2 .
An important feature of the 3D CSD data is the approximately log linear distribution, in which the crystal number density decreases nearly exponentially with increasing crystal size (Fig. 7) . Note that the observed smallest sizes are 0.1 0.2 mm for the chilled marginal and picritic gabbro zones. From 0 to 36 m above the base of the intrusion, the slope of the CSD is nearly constant, and the size range is 0.1 0.9 mm. For samples between 49 and 85 m, CSD patterns are distinct and show shallower slopes and greater size ranges; the size ranges are 0.7 3.7 mm for the 49 m sample, 0.5 3.2 mm for the 76 m sample, and 0.2 2.0 mm for the 85 m sample (Fig. 7) . The benefit of the CSD approach is apparent when calculating crystal number density data from the CSD data, as outlined in the following. Table 2 ). The high number density of 8.9/mm 3 was obtained from sample LCM32 taken from the contact Only two samples from the UCM were obtained from the eastern coast of the cape near Mikurodo (Fig. 1) . For samples collected close to the upper contact, the distance from the upper contact is provided in parentheses. Abbreviations for lithological zones are the same as those in Figure 2 . Italicized values of crystal number density are those calculated from mode and crystal size distribution data. PC, point counted mode; IJ, values obtained with the use of ImageJ; EL, average size obtained by ellipsoid approximations of crystal outlines observed under the microscope; -, not measured.
with country rock, where the sampled rock has a complex heterogeneous domain structure (see the Petrography Section). Some domains within this rock contain lesser amounts of olivine. Sample LCM1, taken 3.5 cm from the contact, is more homogeneous than sample LCM32, and has a number density similar to that of the upper chilled margin (4.0/mm 3 ). We therefore take 4.0 4.2/mm 3 as a representative value for the chilled margin. The crystal number density increases steadily within the lower chilled margin as we move away from the margin of the intrusion, and reaches a maximum of 46/mm 3 in the middle of the lower picritic gabbro zone (7 m from the base of the intrusion). This value then decreases steadily upward within the lower part of the lower olivine gabbro zone, eventually dropping to nearly zero (0.01 0.3/mm 3 ) at 40 100 m from the base of the intrusion. There is no olivine within the coarse gabbro zone. Within the upper part of the intrusion, the crystal number density is significantly greater in the upper picritic gabbro than in the upper chilled margin.
It is important to note that nearly all olivine crystals occur, in terms of crystal numbers, within the lower 40 m of the intrusion. The average value of the crystal number density of olivine throughout the intrusion is 4.7 ± 0.7/mm 3 , which coincides with the crystal number density of olivine in the outermost part of the chilled margins. A simple interpretation of these statistics is that 4.7 ± 0.7/mm 3 represents the initial number density of olivine crystals in the magma at the time of emplacement, and that most olivine phenocrysts settled under the influence of gravity and accumulated within the lower 40 m of the intrusion. It appears that the total number of olivine crystals remained unchanged during crystal settling and consolidation of the magma; the plausibility of this hypothesis will be examined in more detail in the next section.
DISCUSSION
Crystal settling and accumulation
An important conclusion derived from our analysis of the crystal number density of olivine is that most olivine crystals, in terms of crystal numbers, are concentrated in the lower 40 m of the Murotomisaki Gabbroic Complex. This concentration of crystals probably represents crystals that accumulated by gravitational settling from above during the magmatic stage. The coincidence of the average crystal number density of olivine (4.7/mm 3 ) with that of the outermost part of the chilled margin indicates that this value represents the initial number density within the magma at the time of emplacement, and that the total number of olivine crystals was conserved during differentiation and solidification of the magma. Neither nucleation nor dissolution of olivine crystals were important processes following the initial emplacement of the magma.
The accumulation of olivine crystals by crystal settling has already been advocated by previous workers for the formation of picritic gabbro within the Murotomisaki Gabbroic Complex (Yajima, 1972a (Yajima, , 1972b . The accumulation process has been quantitatively studied by Akatsuka et al. (1999) , who modeled the crystal settling process by using Stokes' law for falling spherical crystals in a cooling magma body and assuming simple thermal conduc- tion. Falling crystals will become trapped within a cooling magma front that advances from below because of the rapid increase in magma viscosity upon cooling. Because the magma chamber in the current study is in a sheet form with a clearly defined base, crystal accumulation must have occurred at some intermediate level within the intrusion. According to the calculations of Akatsuka et al. (1999) , the theoretically predicted thickness of the crystal accumulation zone within the sill is 9.4 m, the average accumulation rate is 23, and the time required for crystal settling is approximately one year for a supposed grain size of 0.5 mm and magma viscosity of 10 Pa s, which is a typical value for a basaltic melt at its liquidus (McBirney, 1993; Best and Christiansen, 2001 ). We repeated the same calculations as those performed by Akatsuka et al. (1999) but used the range of crystal sizes determined from the 3D CSD analysis of olivine crystals from the chilled margins (Fig. 7) and assumed 5 10 Pa s for melt viscosity. Our calculations yielded the following preliminary results: a crystal accumulation zone of approximately 30 m total thickness, a maximum accumulation rate of 11 at 10 13 m from the base of the sill, and a required interval Figure 7 . 3D CSD data for olivine within the same samples as those presented in Figure 6 . Horizontal axes show true crystal size, and vertical axes show the natural logarithm of population density. Data were calculated using the CSD Corrections software developed by Higgins (2000) . Abbreviations used for lithological zones are the same as those in Figure 2 .
of approximately seven years for crystal accumulation. These results are in good agreement with the observed data, i.e., an accumulation zone of approximately 40 m thickness and a maximum accumulation rate of approximately 12 at 7 m from the base of the sill. This quantitative treatment leads us to conclude that the accumulation of olivine crystals was physically possible over the restricted timescale of thermal conduction within the sill. Another inference derived from the present data is that olivine crystals do not appear to have grown during crystal settling, as the average crystal size is essentially constant throughout both the chilled marginal and picritic gabbro zones (Fig. 9) . However, it is theoretically plausible that olivine crystals grow to some degree during settling and, even more likely, during the post cumulus stage. Akatsuka et al. (1999) concluded that the zoned rims of olivine crystals within the chilled marginal rocks represent overgrowths upon original crystals. In fact, there are some variations in the olivine CSD among different samples (Fig. 7) . The important point, therefore, is that, within this zone, crystal settling was far more dominant than crystal growth as a differentiation process; this is in stark contrast with the mode of differentiation with the crystal growth zone, as described below.
One might argue that the observed rapid increase in the crystal number density within the chilled margin and the picritic gabbro zone reflects the nucleation of new olivine crystals within the cooling magma; however, this possibility can be ruled out on the basis of the CSD data for olivine crystals in these zones. If nucleation had been an important process, we would expect to see more small crystals than the number observed (e.g., CSD of plagioclase from the Makaopuhi lava lake; Cashman and Marsh, 1988) . The recorded increase in crystal number density of olivine across the chilled margins toward the picritic gabbro zones is successfully reproduced by the numerical simulations according to the crystal settling hypothesis.
From the above discussion, we conclude that most olivine crystals that were originally suspended in the emplaced magma settled through the magma under the influence of gravity and accumulated within the lower 40 m of the sill. Neither nucleation nor crystal growth were important processes during the crystal settling and accumulation stage. Another important conclusion logically drawn from this consideration is that the melt composition would not have been modified at any level within the intrusion during this process. In other words, in the interval between the emplacement and crystal accumulation, fractional crystallization did not take place in the magma.
Crystal growth
Above the first olivine accumulation zone in the lower picritic gabbro (around peak O1), other olivine rich subzones are apparent, with at least two (O2 and O3 in Figs. 5 and 9) within the lower olivine gabbro zone. On the basis of modal variation alone, these subzones appear to represent additional zones of olivine accumulation (Aka- tsuka et al., 1999); however, our data indicate that these zones record a decrease in crystal number density from initial values (Fig. 9) . The high modal abundances of olivine in these zones is ascribed to the greater size of olivine crystals (Fig. 9 ), which in turn suggests that crystal growth of olivine may be important in these zones. The 3D CSD patterns of olivine in these zones show shallower slopes and greater size ranges than those in the chilled marginal and lower picritic gabbro zones (Fig. 7) ; these differences may have resulted from crystal growth of olivine within the olivine rich subzones. In terms of whole rock composition, the lower olivine rich subzone (around peak O2 at 40 80 m from the base of the sill) of these zones in particular has a higher MgO content than the value in the chilled margin (Fig. 9) , as with the picritic gabbro zone below. If we assume that the composition of the magma was uniform at the time of emplacement and that it had the composition of the chilled margin, it follows that the MgO content within the lower olivine rich subzone (around peak O2) has increased from the initial value. Thus, an increase in the MgO content is recorded in both the picritic gabbro zone (around peak O1) and the lower olivine gabbro subzone (around peak O2), although the mechanism of Mg enrichment is completely different for the two zones. Crystal settling and crystal accumulation dominated in the picritic gabbro zone, whereas material transfer mechanisms unrelated to crystal settling, such as element diffusion through the melt or advective fluid transport, probably dominated in the lower olivine gabbro subzone. The coarse olivine crystals in the olivine gabbros probably grew from small crystals that may have been suspended in the remaining melt following the removal of larger crystals by gravity settling. We note that the average value of whole rock MgO coincides with the value in the chilled margin, as is also noted for the crystal number density; this indicates that the magma system behaved as a closed system as a whole with respect to MgO as well as olivine crystal number. We therefore infer that the recorded increase in MgO content in the lower olivine rich subzone (around peak O2) resulted from a material transfer between the boundary layer (the lower olivine rich subzone) and the overlying remaining magma, as is discussed below.
Crystal accumulation (AC) zone versus crystal growth (GR) zone: A synthesis
On the basis of the above observations, we identify two zones of olivine enrichment: (1) the crystal accumulation zone (AC; within 40 m of the base of the sill), and (2) the crystal growth zone (GR; 40 100 m from the base of the sill) (Fig. 9) . On this basis, we now consider the following scenario for differentiation processes within the intrusion. Note that, in such a discussion, the migration of plagioclase phenocrysts should be taken into account; however, as the abundance of plagioclase phenocrysts in the initial magma was as low as 0.5 vol% [approximately one sixth the abundance of olivine phenocrysts (Akatsuka et al., 1999) ], we ignore the migration of plagioclase phenocrysts for the sake of simplicity.
Immediately following initial emplacement of the magma, olivine crystals that were originally distributed and suspended throughout the magma began to settle and accumulated in the lower 40 m of the intrusion (formation of the AC zone); consequently, an olivine free zone formed in the central part of the intrusion (Fig. 10 2) . As this is essentially a mechanical process, the melt composition of the central olivine depleted zone probably did not change at this stage. The accumulation zone eventually solidified upon further cooling and crystallization of interstitial melt and formed the picritic gabbro. The coprecipitation of olivine, plagioclase, and clinopyroxene is expected from phase relationships, but the proportion of olivine must have been very small given the observed invariance of the average grain size of olivine.
As the solidification front advanced upward, cooling would have slowed because of a weakening of the thermal gradient, and there would have been more time available for the remaining suspended olivine crystals to grow (those located 40 100 m from the base of the sill; Fig.  10 3) . Accompanying the growth (coarsening) of olivine crystals, modal olivine and olivine components such as MgO, FeO, and MnO (as measured in whole rock analyses) increased relative to initial values ( Fig. 9 ; Akatsuka et al., 1999) . Thus, it appears that the significant growth of olivine crystals in this zone took place in a chemically open system. In terms of mass balance, the excess olivine components can be attributed to the transport of chemical components between the GR zone and the overlying remaining magma ( Fig. 10 3) ; it is possible that the absence of olivine in the coarse gabbro reflects such material transport. However, the transport of chemical components over long distances (in the order of 100 m) would not be possible by the diffusion of atoms or ions alone, given experimentally determined rates of diffusivity in a melt phase (Hoffman, 1980; Kress and Ghiorso, 1995) . Therefore, a fluid dynamic mechanism such as convection must be considered. A plausible mechanism in this case is the fluid dynamic exchange of evolved melt that became depleted in olivine components following the crystal growth of olivine with an overlying fresh melt that still contained a significant amount of olivine components, i.e., compositional convection (Sparks et al., 1985; Jaupart, 1989, 1992; Jaupart and Tait, 1995) . The absence of olivine in the coarse gabbro, however, may not solely reflect such a mechanism, as olivine crystallization may have ceased by means of some type of reaction relationship between olivine and fractionated melt (Yajima, 1972a) . The anorthosite veins distributed in the crystal growth zone probably represent the remnants of such a fluid dynamic process (Fig. 3) . A more detailed examination of this process and the mechanism of material transfer in and across the crystal growth zone is beyond the scope of this paper, and will be treated separately in a subsequent paper that makes use of additional chemical data.
In terms of the upper zones of the intrusion, some of the settling olivine crystals would have been captured by the cooling front advancing downward from the roof and thereby were frozen in the upper "crust" of the intrusion. However, this mechanism cannot explain the recorded increase in crystal number density from initial values. This point was also made by Akatsuka et al. (1999) on the basis of modal analyses; the problem is confirmed from crystal number density data presented in the present study. An increase in crystal number density can be brought about by the upward flow of melt during thermal convec- tion, as suggested by Marsh (1988) ; however, we have not considered the occurrence of thermal convection up to this point; clearly, this possibility requires further examination. As another possibility, the effect of nucleation cannot be excluded for this zone.
SUMMARY AND CONCLUSIONS
The important conclusions obtained from this study of the Murotomisaki Gabbroic Complex are summarized as follows.
(1) On the basis of the mode, crystal size, and crystal number density of olivine measured throughout the intrusion, olivine rich zones can be classified into two categories: the crystal accumulation zone (AC) and the crystal growth zone (GR). (2) Primary olivine phenocrysts within the magma generally settled through the magma and accumulated to form the lower AC zone. (3) Olivine crystals apparently did not grow significantly during settling, although appreciable growth occurred in the GR zone. The growth of olivine in the GR zone was apparently accompanied by an increase in the whole rock MgO content. (4) The total number of olivine crystals was probably preserved during crystal settling and subsequent crystal growth stages, which indicates that the nucleation of olivine was not an important process. (5) A logical consequence of points (2), (3), and (4) above is that fractional crystallization was not important during the crystal settling stage. (6) The increase in whole rock MgO content within the GR zone implies a long range material transfer or material exchange with the remaining overlying magma. (7) Crystal accumulation of olivine was also confirmed near the top of the intrusion by measuring crystal number densities; these data cannot be explained by the crystal settling hypothesis alone. (8) It remains uncertain as to whether the lack of olivine in the coarse gabbro zone is entirely due to the transport of chemical components between the GR zone and the overlying magmas or partly due to a reaction relationship between olivine and the fractionated melt.
